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Summary
More than a quarter of the world’s population is in-
fected with nematode parasites, and more than a hun-
dred species of nematodes are parasites of humans
[1–3]. Despite extensive morbidity and mortality
caused by nematode parasites, the biological mecha-
nisms of host-parasite interactions are poorly under-
stood, largely because of the lack of genetically tracta-
ble model systems. We have demonstrated that the
insect parasitic nematode Heterorhabditis bacterio-
phora, its bacterial symbiont Photorhabdus lumines-
cens, and the fruit flyDrosophila melanogaster consti-
tute a tripartite model for nematode parasitism and
parasitic infection. We find that infective juveniles
(IJs) of Heterorhabditis, which contain Photorhabdus
in their gut, can infect and kill Drosophila larvae. We
show that infection activates an immune response in
Drosophila that results in the temporally dynamic ex-
pression of a subset of antimicrobial peptide (AMP)
genes, and that this immune response is induced spe-
cifically by Photorhabdus. We also investigated the
cellular and molecular mechanisms underlying IJ re-
covery, the developmental process that occurs in par-
asitic nematodes upon host invasion and that is nec-
essary for successful parasitism. We find that the
chemosensory neurons and signaling pathways that
control dauer recovery in Caenorhabditis elegans
also control IJ recovery inHeterorhabditis, suggesting
conservation of these developmental processes
across free-living and parasitic nematodes.
Results and Discussion
Entomopathogenic nematodes of the genera Hetero-
rhabditis and Steinernema are parasites that infect and
kill insect larvae. These nematodes are of growing inter-
est as potential models for human parasitic nematodes
and as biocontrol agents for insect pests and disease
vectors [4]. Of the entomopathogenic nematodes, Het-
erorhabditis bacteriophora (Figure 1A) offers useful fea-
tures as a model organism, including small size, short
generation time, hermaphroditism, and in vitro culturing
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State University, East Lansing, Michigan 48824.[5]. It is closely related to C. elegans and some mamma-
lian parasitic nematodes [6].
Heterorhabditis can develop along two alternative de-
velopmental pathways, depending on environmental
conditions [5] (Figure 1B). With sufficient food, they tran-
sition through four larval stages (L1–L4) before adult-
hood. With scarce food, after a predauer stage (dL2),
they arrest development at the subsequent infective
juvenile (IJ) larval stage. The IJ stage is similar to the
C. elegans dauer stage [7]. An intestinal bacterial symbi-
ont, Photorhabdus luminescens, colonizes the gut spe-
cifically during the IJ stage (Figure 1A).
Heterorhabditis IJs penetrate into a host through
either the cuticle or natural orifices [8]. Chemical cues
in insect hemolymph stimulate the IJs to undergo a pro-
cess called IJ recovery: they exsheath (shed the dL2
cuticle), regurgitate Photorhabdus, and resume devel-
opment (Figure 1C) [8, 9]. Photorhabdus secretes prote-
ases and other products into the insect hemolymph that
suppress the insect immune response [10–14] and con-
tribute to insect death [15–19]. As Photorhabdus prolif-
erates inside the insect, the nematodes feed on the bac-
teria and the insect. They reproduce inside the insect
until food is depleted, at which time new IJs form and
disperse [8].
Heterorhabditis–Photorhabdus Infects and Kills
the Fruit Fly Drosophila melanogaster
Heterorhabditis displays a broad host range that in-
cludes flies, beetles, and mosquitoes [20–23]. However,
studies of interactions between entomopathogenic
nematodes and their hosts, and in particular studies of
the host immune response to infection, could benefit
from genetically tractable hosts. We therefore investi-
gated whether Heterorhabditis–Photorhabdus can in-
fect and kill Drosophila, a model insect with a well-stud-
ied immune system. Fly larvae and symbiont IJs (IJs with
Photorhabdus in their gut) were cocultured in microtiter
wells, and infection and survival were assayed after 5,
10, 24, and 48 hr.
Symbiont IJs can infect Drosophila larvae (Figure 2;
Figure S1 in the Supplemental Data available online). In
infected fly larvae, IJs moved freely inside the body cav-
ity and regurgitated Photorhabdus (Figures S1C and
S1D), indicating that infection of Drosophila stimulates
IJ recovery. After 24 hr, Photorhabdus frequently had
spread throughout the host (Figures S1E and S1F). The
rate of infection and death are dose dependent: with
10 IJs per fly larva, 72% of the larvae were infected
and 50% dead after 48 hr; whereas with 1000 IJs per
fly larva, 95% of the larvae were infected and 74%
dead after 48 hr (Figures 2A and 2B). Thus Heterorhab-
ditis IJs can rapidly kill Drosophila larvae, even at low
doses.
To test whether all infected fly larvae die prematurely,
fly larvae were exposed to a low dose of 10 symbiont IJs
per larva. At 48 hr, 32% of the infected fly larvae were still
alive (Figure 2C). These larvae were removed from the
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bacteriophora
(A) A Heterorhabditis infective juvenile (IJ),
with GFP-labeled Photorhabdus in its gut.
Left, Nomarski image (white box indicates
region enlarged in inset); center, epifluores-
cence image; right, overlay. Left inset, en-
larged view of the IJ sheath, which is charac-
terized by distinctive longitudinal ridges [44].
(B) The life cycle of Heterorhabditis. Green
arrows, developmental pathway that occurs
in the presence of sufficient food; purple
arrows, developmental pathway that occurs
when food is scarce. As in C. elegans, the
pathway a Heterorhabditis larva will follow
is determined at the L1 stage [8, 45]. L1-L4,
1st to 4th larval stages; dL2, predauer (IJ)
stage; IJ, infective juvenile. Adapted from M.
Blaxter and D. Bird [8].
(C) A recovering Heterorhabditis IJ. Left, No-
marski image; center, epifluorescence image;
right, overlay. White boxes indicate regions
enlarged in insets. Left inset, enlarged view
of the cuticle, which is no longer covered by
the IJ sheath. Center inset, enlarged view of
the mouth (yellow arrows, bacterial cells
that are being regurgitated). The buccal tooth
at the tip of the mouth is autofluorescent.microtiter plates in which the infections were conducted
and placed in fresh fly vials with food. After 2 weeks,
97% of these animals had died (Figure 2C). Thus, nearly
all infected Drosophila larvae die prematurely.
Heterorhabditis–Photorhabdus Infection Elicits
an Immune Response in Drosophila Larvae
In Drosophila, infection by some pathogens activates
a humoral immune response that results in upregulation
of antimicrobial peptide (AMP) genes [24]. AMPs are
small cationic peptides that disrupt nonmetazoan cell
membranes. Drosophila has seven classes of AMPs: at-
tacins, cecropins, diptericins, defensins, drosocins,
drosomycins, and metchnikowins [24].
To test whether infection by Heterorhabditis–Photo-
rhabdus activates AMP expression inDrosophila, we ex-
posed fly larvae to symbiont IJs and then examined the
expression of seven AMP genes, one from each class
(attacinA, cecropinA1, diptericin, drosocin, drosomycin,
and metchnikowin), by using GFP reporter constructs
[25]. Infection induced expression of four of the seven
AMP genes: metchnikowin, diptericin, drosomycin,
and attacin (Figure 3). GFP expression was primarily ob-
served in the fat body, the main site of AMP synthesis
(Figures 3A and 3B) [24]. Metchnikowin expression
was induced most frequently, with 52% of fly larvae
exposed to symbiont IJs showing expression after 24 hr.
The temporal dynamics of expression differed for the
various AMPs: drosomycin was expressed after 5 hr,
metchnikowin and diptericin after 10 hr, and attacin after
24 hr (Figure 3C). Thus, infection by Heterorhabditis–Photorhabdus elicits a dynamic immune response in
Drosophila.
Heterorhabditis Can Kill Drosophila without
Photorhabdus
To address the nature of the symbiotic relationship be-
tween Heterorhabditis and Photorhabdus, we tested
whether Heterorhabditis can infect Drosophila without
Photorhabdus by performing infections under axenic
conditions (Figure S2A). Axenic IJs can infect and kill
Drosophila larvae (Figures S2B and S2C). However, al-
though axenic IJs infect fly larvae with approximately
the same frequency as symbiont IJs, axenic IJs kill
much less effectively than symbiont IJs (Figure S2C).
Thus, Photorhabdus increases the larval mortality asso-
ciated with Heterorhabditis infection.
Photorhabdus but Not Heterorhabditis Activates
the Drosophila Humoral Immune Response
To determine whether the immune response observed
upon infection is a response to Heterorhabditis or Pho-
torhabdus, we examined AMP expression in Drosophila
larvae infected with axenic IJs under axenic conditions.
In contrast to symbiont IJs, axenic IJs did not induce
significant expression of any of the seven AMP genes
(Figure S3).
We then exposed fly larvae to Photorhabdus by feed-
ing the bacteria to the fly larvae. Ingested Photorhabdus
infects Drosophila: after 48 hr, bacteria were visible in-
side the body cavity of 35% of the fly larvae (Figures
S4A–S4C). However, infection resulted in little if any
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Heterorhabditis–Photorhabdus
(A) Infection of fly larvae exposed to symbiont
IJs at the indicated concentrations (e.g.,
10 worms = 10 symbiont IJs per larva).
Infected animals were identified based on
GFP expression from the GFP-labeledPhoto-
rhabdus. All infection rates of fly larvae
exposed to symbiont IJs are significantly
different from the infection rate of fly larvae
not exposed to IJs (p < 0.0001, log-rank
test). The very low level of GFP expression
seen in the population of uninfected fly larvae
is most likely attributable to autofluores-
cence. n = 5–6 trials, with an average of
28 fly larvae per trial.
(B) Survival of fly larvae exposed to symbiont
IJs at the indicated concentrations. All sur-
vival curves of fly larvae exposed to symbiont
IJs are significantly different from the survival
curve of fly larvae not exposed to IJs (p <
0.0001, log-rank test). n = 6–10 trials, with
an average of 41 larvae per trial.
(C) Long-term survival of uninfected (blue)
versus infected (yellow) fly larvae. Fly larvae
were cocultured with 10 symbiont IJs per
larva. ***p < 0.0001 (Fisher’s exact test).
n = 71–74 larvae for each condition. In all
graphs, the x axis refers to the time elapsed
since fly larvae were first exposed to symbi-
ont IJs, and error bars represent SEMs.larval mortality (Figure S4D), consistent with a previous
study [26].
Exposing fly larvae to Photorhabdus resulted in upre-
gulation of the same four AMP genes as natural infection
with symbiont IJs (Figure S5). Ingested Photorhabdus
induced AMP expression more rapidly than natural in-
fection: significant expression of all four AMPs was ob-
served after only 5 hr (Figure S5). When fly larvae were
exposed to bothPhotorhabdus and axenic IJs, the num-
ber of fly larvae expressing metchnikowin and attacin
increased (Figure S5). However, exposing fly larvae
to Photorhabdus and axenic IJs did not result in an
increase in the percentage of visibly infected fly larvae
(data not shown), and thus the mechanism by which
this occurs is unclear. Taken together, these results
suggest that Drosophila mounts a humoral immune re-
sponse to Photorhabdus but not Heterorhabditis.
The Role of the Toll and Imd Signaling Pathways
in the Immune Response to Heterorhabditis–
Photorhabdus Infection
AMP expression is regulated by the Toll and Imd signal-
ing pathways, in which the binding of pathogens to pat-
tern recognition receptors results in nuclear transloca-
tion of NF-kB homologs and transcriptional activation
of AMP genes [24]. To test the involvement of thesepathways in Heterorhabditis–Photorhabdus infection,
we analyzed survival rates of Drosophila mutants with
defects in Imd and Toll signaling after exposure to either
symbiont IJs or Photorhabdus. Single mutants affecting
either the Imd (imd1, relE20, dreddB118) or Toll (Dif1,
spzrm7) pathway, as well as double mutants affecting
both pathways (imd1; spzrm7, Dif2; relE20), all died at ap-
proximately the same rate as wild-type fly larvae ex-
posed to symbiont IJs or Photorhabdus (Figures S6
and S7). These results suggest that other signaling path-
ways, including those of the cellular immune system, are
likely to contribute to the immune response to Hetero-
rhabditis–Photorhabdus infection. However, it is also
possible that the humoral immune response induced
by infection is not immunoprotective.
Conserved Neurons and Signaling Pathways
Mediate IJ Recovery in Heterorhabditis
We next investigated the mechanisms underlying the
ability of Heterorhabditis IJs to infect insect hosts. We
focused our analysis on IJ recovery, the first step in
the infection process for parasitic nematodes. Laser ab-
lation studies in C. elegans and the human parasite
Strongyloides stercoralis demonstrated that dauer/IJ
recovery is mediated by the ASJ chemosensory neurons
[27, 28]. To identify the neurons that mediate IJ recovery
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901Figure 3. Heterorhabditis–Photorhabdus Infection Induces AMP Expression in Drosophila
(A and B)Diptericin-GFP expression in a fly larva not exposed to IJs (A) versus a fly larva exposed to 100 symbiont IJs (B) at 18 hr after exposure to
IJs. Left images, darkfield; right images, epifluorescence.
(C) AMP expression in fly larvae not exposed to IJs (beige bars) versus fly larvae exposed to 100 symbiont IJs per larva (blue bars). The x axis
refers to the time elapsed since fly larvae were first exposed to symbiont IJs; the y axis refers to the percentage of fly larvae that expressed GFP.
Bars that are not visible have a value of zero. Error bars represent SEMs. In some cases, a small number of fly larvae in the uninfected populations
show AMP expression. ***p < 0.0001; **p < 0.001; *p < 0.01 (Fisher’s exact test). n = 5–7 trials, with an average of 24 fly larvae per trial.in Heterorhabditis, we identified chemosensory neurons
by their stereotyped location in IJs (Figure 4A). In gen-
eral, the relative positions of cells are roughly invariant
among nematode species [7, 29–32].
To determine whether the putative analogs of the ASJ
neurons mediate IJ recovery, we ablated neurons in IJs
by using a laser microbeam and tested the ability of ab-
lated IJs to recover. Recovery was assayed as an
increase in the body size of the worm after at least
2 days of exposure to Photorhabdus, because Photo-
rhabdus induces IJ recovery [33]. IJs lacking ASJ neu-
rons were unable to recover (Figure 4B). By contrast,
IJs lacking the AWC chemosensory neurons recovered
normally. Thus, as in C. elegans and S. stercoralis, IJ
recovery in Heterorhabditis is mediated by the ASJ
neurons.
We then investigated the signaling pathways that me-
diate IJ recovery. In C. elegans, the dauer transition is
regulated by a cyclic nucleotide pathway: activation of
the transmembrane guanylyl cyclase DAF-11 inducesdauer recovery through the generation of cGMP from
GTP [34]. A membrane-permeable analog of cGMP,
8-bromo-cGMP, also induces dauer recovery [34]. To
test whether a cGMP pathway mediates IJ recovery
in Heterorhabditis, we exposed IJs to 8-bromo-cGMP
and assayed for exsheathment and regurgitation, the
two initial stages of recovery (Figure 1C). 8-bromo-
cGMP stimulated exsheathment and regurgitation (Fig-
ures 4C and 4D). A membrane-permeable analog of
cAMP, 8-bromo-cAMP, did not induce significant recov-
ery, demonstrating specificity of the cyclic nucleotide
pathway (Figures 4C and 4D). Thus, cGMP signaling
regulates IJ recovery in Heterorhabditis.
C. elegans dauer recovery is also controlled by mus-
carinic acetylcholine receptors: exposure to the musca-
rinic agonists oxotremorine and arecoline induces dauer
recovery [35]. Similarly, oxotremorine and arecoline
stimulate IJ recovery in Heterorhabditis (Figures 4C
and 4D). The relatively high drug concentration neces-
sary to induce IJ recovery is consistent with studies of
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(A) Left, Nomarski image of the left side of a C. elegans L1 larva. The ASJ neurons are present as a bilaterally symmetric pair, with one neuron
of the pair on each side of the worm; yellow arrow indicates the left ASJ neuron (see Sulston et al. [46]). Right, Nomarski image of the left side of
a Heterorhabditis symbiont IJ. Yellow arrow indicates the putative left ASJ neuron.
(B) Recovery of ASJ-ablated (blue bar), AWC-ablated (green bar), or mock-ablated (gray bar) symbiont IJs. Ablation of the ASJ neurons prevents
IJ recovery. ASJ-ablated animals differ significantly from AWC-ablated and mock-ablated animals (p < 0.0001, Fisher’s exact test). n = 22–26
symbiont IJs for each condition.
(C and D) Exsheathment (C) and regurgitation (D) of symbiont IJs is stimulated by the membrane-permeable cGMP analog 8-bromo-cGMP, as
well as the muscarinic acetylcholine receptor agonists oxotremorine and arecoline. NaCl, 0.85% NaCl; bacteria, Photorhabdus as a positive
control; cGMP, 8-bromo-cGMP; cAMP, 8-bromo-cAMP; oxot, oxotremorine; arec, arecoline. Error bars represent SEMs. **p < 0.001; *p <
0.01 (Kruskal-Wallis test and Dunn’s Multiple Comparisons post-test). n = 20 trials for 8-bromo-cGMP and n = 30 trials for all other conditions,
with an average of 18 worms per trial.other nematodes and is likely a result of low permeability
of the nematode cuticle [35–37]. IJ recovery in the mam-
malian parasitic nematodeAncylostoma caninum is also
regulated by a cyclic nucleotide pathway and musca-
rinic acetylcholine receptors [35, 38]. Taken together,
these results suggest broad conservation of the neurons
and molecules that control dauer/IJ recovery in free-liv-
ing and parasitic nematodes.
A Novel Tripartite Model System for Parasitism
and Parasitic Infections
We propose the interactions between Heterorhabditis,
Photorhabdus, and Drosophila as a model system for
nematode parasitism. All three organisms are amenable
to molecular, cellular, and genetic analysis. The ge-
nomes of Photorhabdus and Drosophila have been se-
quenced [39, 40], and the genome of Heterorhabditis is
expected to be sequenced within the next year (Genome
Sequencing Center, Washington University School
of Medicine, http://genome.wustl.edu/genome_group.
cgi?GROUP=8). The availability of all three genomes—
as well as many other nematode, bacteria, and fruit-fly
genomes—should pave the way for whole-genomeanalyses of nematode parasitism and bacterial symbio-
sis, as well as reverse genetic screens and functional ge-
nomic comparisons among species.
Experimental Procedures
Strains
Heterorhabditis were from the inbred strain M31e [5]. Nematodes
were maintained at 27C on Nutrient agar (Difco) + cholesterol plates
(23 g agar + 1 ml of a 10 mg/ml solution of cholesterol in 1 L) seeded
withPhotorhabdus. IJs were stored in 0.85% NaCl (w/v) in microfuge
tubes at room temperature for <1 week prior to use. Immediately
prior to use, IJs were washed at least three times in 0.85% NaCl.
Bacterial strains used were TT01 (wild-type), Tn7GFP, and RET16.
The Tn7GFP strain was made by inserting a mini Tn7 transposon
containing Ptac::GFP (kindly provided by D. Lies) into TT01 by tripar-
ental mating as previously described [41]. RET16 is a GFP-labeled
derivative of P. temperata strain NC1 mutated with HiMarGM (a hy-
peractive mariner transposon with gentamicin resistance). The
RET16 strain is unable to colonize the IJ gut. Photorhabdus was
grown in PP3 broth and on Nutrient agar plates at 27C.
Infections of wild-type Drosophila larvae were conducted with the
Canton-S strain. Studies of AMP expression were conducted with
transgenic lines containing either an attacinA-GFP, cecropinA1-
GFP, metchnikowin-GFP, drosocin-GFP, drosomycin-GFP, dipteri-
cin-GFP, or defensin-GFP transgene [25].
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Individual second and third instar Drosophila larvae were rinsed
briefly in water and placed in alternating wells of a microtiter plate
(Falcon flexible plate, 96-well, flat bottom, #353912) containing
50 ml of Nutrient agar + cholesterol to prevent desiccation. Symbiont
IJs were diluted to 1, 10, or 100 IJs/ml saline, and 10 ml of nematode
suspension was added to each well containing a larva. For unin-
fected controls, 10 ml of 0.85% NaCl was added to each well contain-
ing a larva. The assay plate was covered with ParafilmR, and small
holes were poked in the ParafilmR over each well containing a larva
by forceps. Infections were conducted at room temperature in the
dark. Survival was quantified under a dissecting microscope. Sur-
vival was determined based on movement, either spontaneous or
in response to gentle prodding with forceps. To quantify infection
rate, IJs grown on Tn7GFP bacteria were used so that worms and
bacteria could be visualized inside the fly larvae. For all other infec-
tions, IJs grown on TT01 bacteria were used.
AMP expression was quantified as the percentage of fly larvae
expressing GFP. For all assays involving GFP expression, fluores-
cence was assayed with a GFP 470 filter on a dissecting micro-
scope. Animals were scored as positive if GFP expression was ob-
served in the body cavity. Results obtained with this method of
GFP quantification are highly reproducible both between experi-
menters and between experimental replicates [42] (T. Ririe and
P.W.S., unpublished data). Also, for three AMP reporter lines
(metchnikowin-GFP, diptericin-GFP, and cecropinA1-GFP), we
quantified the mean pixel intensity of images of fly larvae from unin-
fected and infected populations at 24 hr with ImageJ software
(http://rsb.info.nih.gov/ij/). The uninfected and infected populations
of larvae expressing metchnikowin-GFP and diptericin-GFP were
significantly different, although the two populations of larvae ex-
pressing cecropinA1-GFP were not (Figure S8), thereby validating
the accuracy of our method of scoring GFP expression by observa-
tion under a dissecting microscope.
To assess the long-term survival of infected fly larvae (Figure 2C),
fly larvae were cocultured with 10 symbiont IJs per larva, as de-
scribed above. After 2 days, larvae visibly infected with symbiont
IJs were assayed for survival. All of the surviving infected fly larvae
were placed into fresh fly vials with food, with w10 fly larvae in
each vial, and assayed for survival again after 2 weeks.
Laser Ablation and IJ Recovery Assays
Ablations were performed on symbiont IJs essentially as described
[43]. In brief, animals were mounted on glass slides for Nomarski mi-
croscopy on a 5% Noble agar pad containing 20 mM sodium azide
as anesthetic. Neurons were ablated by focusing a laser microbeam
on the cell. Mock-ablated worms were subjected to the same proce-
dure, except that a laser microbeam was not focused on the neuron.
Animals were recovered from the slide and placed onto ‘‘recovery’’
plates containing Photorhabdus. Recovery plates consisted of Nu-
trient agar + cholesterol plates spotted with 2 ml of a 3 ml Photorhab-
dus TT01 suspension in PP3 broth grown at 27C forw48 hr. Plates
were grown at 27C for 2–3 days, and then at room temperature for
<1 week. Successful neuronal ablations were confirmed by Nomar-
ski microscopy after at least 1 hr. Worms were then placed on recov-
ery plates for 2–5 days, with %5 worms per plate. After 2–5 days,
recovery was assayed as an increase in the body size of the worm.
One AWC-ablated worm appeared larger than an IJ but smaller than
other comparably aged worms and therefore was not included in the
analysis.
Pharmacology
Drugs were obtained from Sigma: 8-bromo-cGMP: B1381, FW =
446.1; 8-bromo-cAMP: B7880, FW = 430.08; arecoline: arecoline hy-
drobromide, A-6134, FW = 236.1; oxotremorine: oxotremorine M,
O100, FW = 322.19. Drugs were dissolved in 0.85% NaCl to the high-
est concentration tested, and aliquots were frozen at 220C until
use. Lower concentrations were obtained by dilution in 0.85% NaCl.
To assay the effects of drugs on IJ recovery,w10–50 symbiont IJs
were incubated in 0.5 or 1 ml 0.85% NaCl with or without drug in
small culture tubes at 27C with gentle shaking for 3–4 hr. As a pos-
itive control, symbiont IJs were incubated in a solution containing
25 ml of a Photorhabdus TT01 suspension (described above) in475 ml 0.85% NaCl. Exsheathment and regurgitation were assayed
by Nomarski and epifluorescence microscopy.
Statistics
Statistical analysis was performed with GraphPad’s Instat and Prism
software. p values of <0.01 were considered significant, except that
only p values of <0.001 were considered significant for the log-rank
test because of the sensitivity of this test.
Supplemental Data
Eight figures and Experimental Procedures are available at http://
www.current-biology.com/cgi/content/full/17/10/898/DC1/.
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